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Abstract:  
 

A core-shell encapsulated metal catalyst was prepared, and its catalytic performance in 

the methanol-to-aromatics (MTA) reaction was investigated. This study introduces a 

simple secondary hydrothermal synthesis method based on the traditional preparation of 

HZSM-5 catalyst resulting in a nanoparticle with HZSM-5 catalyst encapsulating 

2Gd%/S-1 with hollow and hierarchical pores (2Gd%/S-1@HZSM-5). This catalyst 

offers several advantages. First, the inner silicalite-1 layer shields the aluminum species 

within the HZSM-5 framework, thus passivating some of the strong acid sites on the 

catalyst surface. This in turn inhibits continuous reactions that result from the overly 

acidic surfaces. The 2Gd%/S-1@HZSM-5 catalyst demonstrates high selectivity for 

aromatics (59.4%), particularly BTX (benzene, toluene, and xylene), in the methanol-to-

aromatics reaction (MTA). This selectivity arises from the catalyst's suitable acidity and 

optimized porous system. Importantly, the selectivity for C9+ aromatics is low, thus 

indicating effective inhibition of continuous reactions of BTX products on the catalyst 

surface due to low pH. Furthermore, the hydrothermal stability of the 2Gd%/S-

1@HZSM-5 catalyst is significantly higher. Therefore, this method holds promise for the 

widespread development of novel catalysts with hollow layered porous systems, tunable 

pH, and high hydrothermal stability 

 

1. Introduction 
 

Benzene, toluene, and xylene (BTX) are raw 

materials used in the production of petrochemical 

products. These compounds are often obtained 

through the catalytic reforming and cracking of 

naphtha [1-3]. However, due to escalating oil prices 

worldwide, the aromatics derived from the 

traditional oil route often fail to meet market 

demands [4]. The methanol-to-aromatics (MTA) 

reaction has recently emerged as a promising 

alternative to traditional petroleum-based methods 

for the production of aromatics [5]. The HZSM-5 

zeolite-based catalyst is widely acknowledged as the 

most suitable catalyst for the MTA reaction due to 

its unique shape-selectivity catalysis, adjustable 

acidity, and high hydrothermal stability [6-9]. 

However, traditional HZSM-5 crystals are limited by 

their single micropore structure and low effective 

diffusion length. These constraints can result in 

reduced catalytic efficiency due to prolonged 

residence times of hydrocarbon intermediates in the 

pores or inadequate dispersion of the product[10]. 

Moreover, parent HZSM-5 without loaded metal 

exhibits low BTX selectivity because aromatics may 

undergo further hydrogen transfer reactions, thus 

leading to the production of more alkanes [11-14]. 

The volatilization of metals during the reaction is 

also inevitable. 

Core-shell structures have gained widespread 

attention in catalysis due to their unique properties 

[15]. Combining zeolite materials with the core-shell 

structure enables the effective utilization of zeolite’s 

shape-selecting catalytic effect, thus allowing 

control over reaction selectivity and scale [16]. Tian 

[18-19] et al. found that treating zeolite with various 

organic weak bases formed hollow and hierarchical 

core-shell structures along with a reduction in crystal 

size and effective product diffusion length. The core-

shell structure offers another advantage: The metal 

species can be fixed or encapsulated through 

chemical bonds or other forces to prevent the loss of 

active species during the reaction. Here, a 

2Gd%/silicalite-1@HZSM-5 core-shell catalyst was 

synthesized with silicalite-1 zeolite serving as the 
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core. The material’s catalytic performance in the 

MTA reaction was then characterized  

 

2. Results and Discussion 
 

2.1 Textural and surface properties of catalysts 

 

Figure 1. N2 adsorption/desorption isotherms of all 

samples. 

 

Figure 1 illustrates the N2 adsorption/desorption 

isotherms of all catalysts. The specific surface area 

and pore volume of the modified HZSM-5 zeolite 

increased significantly from 175.4 m2/g to 230.5 

m2/g and 0.179 cm3/g to 0.181 cm3/g, respectively, 

as shown in Table 2. Conversely, the specific surface 

area and pore volume decreased for the 2%Gd/S-1 

catalyst, which could be attributed to the interface 

pores formed during the growth of HZSM-5 zeolite 

on the surface of S-1. The nitrogen adsorption 

increased with rising relative pressure at a P/P0 

value of 0.43, thus indicating a microporous 

structure in the catalyst; nitrogen was adsorbed in a 

single layer within the micropore channel. However, 

at P/P0 of 0.95, the adsorption isotherm displayed a 

significant upturn, thus suggesting the accumulation 

of the catalyst samples as observed in SEM. A 

distinct hysteresis loop appeared in HZSM-5 at P/P0 

values between 0.43 and 0.95, thus indicating 

capillary condensation during the desorption process 

and the formation of more mesoporous structures. 

Nitrogen could be adsorbed in multi-layer channels 

during this period. 

SEM images of HZSM-5 and 2%Gd/S-1@HZSM-5 

are shown in Figures 2(a) and (b), respectively. The 

synthesized HZSM-5 zeolite consists of spherical 

particles with uniform size but a highly rough 

surface. Figure1 (b) shows that the catalyst surface 

is smooth with noticeable growth traces after 

modification. Figure 1 (d) illustrates a distinct core-

shell structure where a dense shell has formed on the 

surface of 2%Gd/S-1@HZSM-5 with obvious 

hollow rings. Moreover, no Gd nanoparticles were 

observed in TEM analysis, but the mapping diagram 

indicated a uniform distribution of Gd. This 

observation suggests the presence of an inner 

cladding within the core-shell structure  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. (a) SEM images of HZSM-5, (b) 2%Gd/S-1@HZSM-5, (c) TEM images of HZSM-5, (d) 2%Gd/S-1@HZSM-5, 

and (e, f, g, h) mapping of 2%Gd/S-1@HZSM-5. 

 

2.2 Catalytic activity of different samples 

 

Figure 7 shows the pyridine adsorption spectra of 

all catalysts. The infrared bands corresponding to 

the L acid site and B acid site were observed at 

1453 cm−1 and 1544 cm−1, respectively. The 

results of pyridine adsorption for all catalysts are 

presented in Table 4. The quantity of L acid sites 

and B acid sites decreased with increasing 

adsorption temperature, which is consistent with 

the characterization results of NH3-TPD. Versus 

HZSM-5 zeolite, the total amount of L acid sites 

and B acid sites of 2%Gd/S-1@HZSM-5 catalyst 

decreased. This could be attributed to the S-1 

zeolite being partially dissolved by the organic 

weak base in the mother liquor during the 

crystallization process. The core-shell structure of 

the catalyst may also play a role in XXX. Thus, the 

core-shell structure has impacted the quantity of L 

and B acid sites. 
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Table 1. Distribution of products on different catalysts. 

 
 

A experiment was conducted on the catalytic 

activity of HZSM-5 and 2%Gd/S-1@HZSM-5 in 

the MTA reaction. Initially, all catalysts achieved 

100% conversion of methanol. The product 

distribution for various catalysts is presented in 

Table 1. The selectivity of BTX over the 2%Gd/S-

1@HZSM-5 catalyst was 51.9%. Despite the low 

acid concentration of the 2%Gd/S-1@HZSM-5 

catalyst, its unique core-shell structure generated a 

large number of mesopores (Figure 1). These 

mesopores reduced the diffusion resistance of 

macromolecular products facilitating the efficient 

conversion of reactive intermediates into aromatic 

products. The Py-IR results revealed a decrease in 

the total amount of L acid sites and B acid sites for 

the 2%Gd/S-1@HZSM-5 catalyst while 

demonstrating higher selectivity towards xylene in 

the MTA reaction. 

Catalyst performance is likely influenced by 

various factors including acidity, pore structure, 

and morphology. A variety of hydrocarbon 

products can result from the conversion of 

methanol to aromatics. Enhancing the production 

of high-value aromatic products, particularly 

xylene, could improve the value of the MTA 

reaction. The activity data of the 2%Gd/S-

1@HZSM-5 catalyst demonstrated that the shape-

selective catalysis provided by the core-shell 

catalyst is particularly advantageous for generating 

aromatic products—especially high-value xylene. 

The conversion of methanol to hydrocarbons 

(MTH) involves several steps including 

methanol to gasoline (MTG), methanol to olefin 

(MTO), methanol to propylene (MTP), and 

methanol to aromatics (MTA). Research on the 

MTA reaction continues due to the rapid 

deactivation of catalysts. It is critical to note that 

BTX (benzene, toluene, and xylene) serve as the 

intended products of MTA reactions and contribute 

to the creation of polycyclic aromatic 

hydrocarbons, which are highly active species. 

Therefore, it is essential to investigate methods to 

prevent the rapid deactivation of modified catalysts 

and the formation of macromolecular polycyclic 

aromatic hydrocarbons. Here, we examined the 

selectivity of BTX on various catalysts over 21 

hours (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Comparison of the catalytic stability of 

HZSM-5 and 2%Gd/S-1@HZSM-5 catalyst. 

 

The selectivity of BTX over HZSM-5 and 

2%Gd/S-1@HZSM-5 decreases steadily with time 

on stream (TOS) (Figure 3). These results suggest 

that the acid sites on the catalyst's outer surface are 

effectively passivated by the core-shell structure. 

This allows the produced BTX to desorb quickly, 

thus preventing ongoing alkylation on the catalyst 

surface that might produce polycyclic aromatic 

hydrocarbons. These findings suggest that the 

synthesized core-shell catalyst reduces the 

catalyst's exterior acidity, thus reducing the rate of 

coke deposition. 

 

3. Conclusion 
 

An outer layer HZSM-5 encapsulated 

2Gd%/silicalite-1 catalyst with hollow and 

hierarchical porous systems (2Gd%/S-1@HZSM-

5) was prepared using a secondary hydrothermal 

synthesis method. The 2Gd%/S-1@HZSM-5 

catalyst presents a three-layer structure with 

hierarchical porous HZSM-5 zeolite on the outside 

(80-100 nm thickness), a hollow structure in the 

middle (300-500 nm thickness), and 2Gd%/S-1 

crystals inside. This structure for 2Gd%/S-

1@HZSM-5 offers several advantages: The 

innermost silicalite-1 layer can protect the 

aluminum species in the framework of HZSM-5, 
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passivate some of the strong acid sites on the 

surface of HZSM-5, and inhibit the continuous 

reaction caused by an excessively strong acidic 

surface. The internal hollow system and multi-

stage pore structure can minimize mass transfer 

resistance. The BTX selectivity of aromatic 

products is as high as 87.3%, while the selectivity 

of C9+ aromatics is extremely low. This is closely 

related to the reduction of the concentration of 

strong and weak acids in the catalyst, thus 

suggesting that the multifunctional catalytic system 

designed and synthesized can inhibit the 

continuous reaction of BTX products on the 

catalyst surface due to excessive acidity. 

The 2Gd%/S-1@HZSM-5 catalyst exhibited high 

selectivity for aromatics (59.4%), especially BTX 

(51.9%), in the methanol-to-aromatics reaction 

(MTA) due to the suitable acidity and optimized 

porous system. Furthermore, the 2Gd%/S-

1@HZSM-5 catalyst had much better 

hydrothermal stability in the MTA reaction as 

expected. Therefore, this method can produce 

novel catalysts with hollow layered porous 

systems, adjustable acidity, and high hydrothermal 

stability. 

 

4. Experimental 

 

4.1 Chemicals 

 

Aluminum nitrate (AR grade) was purchased from 

Tianjin Shi Baishi Chemical Co., Ltd. Sodium 

hydroxide and ammonium nitrate were purchased 

from Tianjin Kemeiou Chemical Reagent Co., Ltd. 

Methanol (AR grade) was bought from Sinopsin 

Group Chemical Reagent Co., Ltd. Gadolinium 

nitrate hydrate (AR grade) was acquired from Alfa 

Aesar chemical Co., Ltd. Tetrapropylammonium 

hydroxide (TPAOH, 25 wt% and 40 wt% in water) 

and tetraethyl orthosilicate (TEOS, 99.9 wt%) were 

obtained from Maya Reagent. 

 

4.2 Catalyst preparation 

 

4.2.1 The synthesis of S-1 zeolite 

 

A typical synthesis procedure involved adding 

13.08 g of TEOS to a solution that contained 45.12 

g of deionized water and 7.44 g of TPAOH. The 

resulting mixture was stirred for 8 h at room 

temperature. Subsequently, it was crystallized at 

180°C for 48 h. After rapid cooling, the solid 

product was collected by filtration, washed with 

deionized water three times, and dried overnight at 

110°C. The zeolite sample was obtained after 

calcination in air at 550°C for 4 h and labeled as S-

1. 

 

4.2.2 The synthesis of 2%Gd/S-1 samples 

 

A 2%Gd/S-1 catalyst was prepared via the 

incipient wetness impregnation method. First, 

0.057 g of Gd(NO3)3•6H2O was dissolved in 0.6 

mL of deionized water; 1 g of silicalite-1 was then 

added to the solution. The resulting slurry was 

stirred at 25°C for 30 min and aged at the same 

temperature for 24 h. The Gd-loaded silicalite-1 

sample was then prepared by calcining at 550 °C 

for 4 hours and drying at 110 °C for 6 hours. This 

catalyst was labeled as 2%Gd/S-1. 

 

4.2.3 The synthesis of HZSM-5 zeolite 

 

A mixture of 44.0 g of deionized water and 12.0 g 

of TPAOH was prepared to which 12.5 g of TEOS 

was added. After stirring for 8 h at room 

temperature, 0.46 g of Al(NO3)3•9H2O and 0.24 g 

of NaOH were added, and the mixture was stirred 

for an additional 30 min. The mixture was then 

transferred to an autoclave and crystallized at 

170°C for 24 h. The resulting solids were separated 

and washed to neutrality. After drying at 110°C for 

9 h, they were calcined at 550°C for 4 h. Finally, 

HZSM-5 zeolite was obtained through three ion 

exchange steps with 1 mol/L ammonium nitrate 

solution. 

 

4.2.4 The synthesis of 2%Gd/S-1@HZSM-5 

 

Typically, 12.5 g of TEOS was added to a mixture 

consisting of 11.0 g of deionized water and 12.0 g 

of TPAOH. After stirring for 8 h at room 

temperature, 0.46 g of Al(NO3)3•9H2O and 0.24 g 

of NaOH were added, and the mixture was further 

stirred for 30 min. Next, 0.5 g of the 2% Gd/S-1 

sample was added and stirred for an additional 15 

min. The resulting mixture was then transferred 

into an autoclave and crystallized at 170°C for 24 

h. The solids were separated and washed to 

neutrality. After drying at 110°C for 9 h, they were 

calcined at 550°C for 4 h. Finally, 2% Gd/S-

1@HZSM-5 was obtained via three rounds of ion 

exchange in 1 mol/L ammonium nitrate solution. 

 

The hydrothermal stability of the catalysts was 

tested according to the literature (Figure 4)[25]. 

The HZSM-5 and 2%Gd/S-1@HZSM-5 catalysts 

were subjected to water vapor treatment in a fixed-

bed reactor with a continuous flow of N2 (20 

mL/min) at 400°C for 4 h. The samples were then 

retrieved and labeled as HZSM-5-W and 2%Gd/S-

1@HZSM-5-W, respectively 
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Figure 4. Hydrothermal stability test process. 

 

4.3 Catalyst characterization 

 

A Rigaku D/Max-2400 device with a Cu Kα 

radiation source running at 40 kV and 

150 mA was used to obtain the XRD patterns. The 

large-angle diffraction scanning angle (2θ) range 

was set between 5° and 80° with a step size of 

0.02°. 

The morphology of the catalysts was also 

characterized with a JSM-6701F scanning electron 

microscope (SEM) at an acceleration voltage of 15 

kV. NH3 temperature-programmed desorption 

(NH3-TPD) measurements used an Autosorb-iQ-C 

chemisorption instrument from Quantachrome, 

USA. The Py-IR analysis was performed at two 

different temperatures (150°C and 350°C) on a 

Nicole Avatar 360 instrument. The N2 adsorption-

desorption measurements were conducted at 

−196°C with a Micromeritics Gemini V 2380 

autosorption analyzer. 

 

4.4 Catalytic test 

 

The performance evaluation setup for the MTA 

reaction catalyst is depicted in Figure 5. The MTA 

reaction was conducted in a fixed-bed reactor using 

a stainless-steel pipe (700 mm long and 10 mm 

wide) loaded with quartz sand. Typically, a catalyst 

(0.5 g) diluted with quartz sand was loaded into the 

stainless steel pipe, which underwent pretreatment 

at 400°C under a flow of N2 (20 mL/min) for 30 

min. The reaction was performed at atmospheric 

pressure. Prior to entering the reactor, methanol 

was vaporized in the gasification chamber and then 

mixed with N2. All products were analyzed using 

online gas chromatographs (Tianmei GC-7890II, 

Shanghai) equipped with flame ionization 

detectors (FID). The FID was connected to SE-30 

capillary columns for analysis. The carrier gas was 

high-purity nitrogen, and the detection conditions 

were as follows: column temperature 40°C, 

injector temperature 200°C, and detector 

temperature 180°C. The methanol conversion and 

product selectivity were calculated according to the 

balance of carbon atoms via formulas 1 and 2: 

Conv. methanol wt. % = (methanolfeed-

methanoloff)/methanolfeed ×100%                 (1) 

Sel.i wt. % = Ai × ni / (∑Ai × ni) × 100%       (2) 

 

Here, A represents the peak area of the 

corresponding product on the gas chromatogram, 

and n is the number of carbon atoms of the product 

 

 
 

Figure 5. MTA reaction catalyst performance 

evaluation device 

 

Figure 6 presents the XRD patterns of all samples 

indicating similar diffraction peaks corresponding 

to the MFI structure of ZSM-5. Importantly, no 

characteristic Gd peak was observed in the 

modified sample, thus indicating a uniform 

dispersion of Gd species on the surface or within 

the pores of the zeolite. The relative crystallinities 

of all samples (HZSM-5, HZSM-5-W, 2%Gd/S-

1@HZSM-5, and 2%Gd/S-1@HZSM-5-W) were 

determined to be 100%, 42%, 115%, and 86%, 

respectively. The higher relative crystallinity of the 

core-shell structure compared to the parent HZSM-

5 further confirms the growth of the ZSM-5 

precursor on the surface of S-1. The catalysts 

exhibit a considerable decrease in relative 

crystallinity following high-temperature water 

vapor treatment, which may be attributed to the 
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structural collapse caused by the removal of 

skeleton aluminum. 

However, the relative crystallinity of 2%Gd/S-

1@HZSM-5-W remained at 86%, which is 

significantly higher than HZSM-5-W indicating 

that the hydrothermal stability of the core-shell 

structure was improved versus parent HZSM-5. 

 

 
Figure 6. XRD patterns of all samples 

 

 
Figure 7. N2 adsorption/desorption isotherms of all 

samples. 

 

Figure 7 illustrates the N2 adsorption/desorption 

isotherms of all catalysts. The specific surface area 

and pore volume of the modified HZSM-5 zeolite 

increased significantly from 175.4 m2/g to 230.5 

m2/g and 0.179 cm3/g to 0.181 cm3/g, respectively 

(Table 2). Conversely, the specific surface area and 

pore volume decreased for the 2%Gd/S-1 catalyst, 

which could be attributed to the interface pores 

formed during the growth of HZSM-5 zeolite on 

the surface of S-1. 

Nitrogen adsorption increased with the rise in 

relative pressure over the P/P0 range of 0.43, which 

indicated a microporous structure in the catalyst 

with nitrogen being adsorbed in a single layer 

within the micropore channels. At P/P0 about 0.95, 

however, the adsorption isotherm showed a 

significant upturn, thus suggesting the 

accumulation of the catalyst samples as also seen 

in SEM. Furthermore, for P/P0 values between 

0.43 and 0.95, a distinct hysteresis loop appeared 

in HZSM-5, thus indicating capillary condensation 

during the desorption process and the formation of 

more mesoporous structures. Nitrogen could be 

adsorbed in multi-layer channels during this 

period. 

Figure 8 illustrates the acidity and concentration 

distribution of HZSM-5 and 2%Gd/S-1@HZSM-5. 

The NH3-TPD curves of all samples show two 

desorption peaks representing the weak and strong 

acid positions of the catalyst. Table 3 shows that 

the core-shell structure had a profound impact on 

the weak and strong acid strengths of the catalyst. 

Versus the parent HZSM-5 zeolite, the peak areas 

corresponding to the weak and strong acid 

desorption peaks were significantly reduced in the 

core-shell structure, thus suggesting a decrease in 

the acid concentration of the catalyst. This 

reduction could be attributed to the coverage of the 

acidic sites in the shell HZSM-5 by the core layer. 

 

Figure 8. NH3-TPD profiles of all samples. 

 

Figure 9 displays the pyridine adsorption spectra of 

all catalysts. The infrared bands corresponding to 

the L acid site and B acid site were observed at 

1453 cm−1 and 1544 cm−1, respectively. The 

results of pyridine adsorption for all catalysts are 

presented in Table 4. The quantity of L acid sites 

and B acid sites decreased with increasing 

adsorption temperature, which is consistent with 

the characterization results of NH3-TPD. Versus 

HZSM-5 zeolite, the number of L acid sites and B 

acid sites decreased in 2%Gd/S-1@HZSM-5 

catalyst. This could be attributed to the S-1 zeolite 

being partially dissolved by the organic weak base 

in the mother liquor during crystallization. The 

core-shell structure of the catalyst may also play a 

crucial role. Thus, the core-shell structure has a 

considerable impact on the quantity of L and B acid 

sites.  
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Figure 9. IR spectra of pyridine adsorption for all samples 

 
Table 2. Porosity analysis 

 
Note: a BET method; b t-plot method; c Smeso = SBET-Smicro; d volume adsorbed 

at P/P0 = 0.99; e t-plot method; f Vmeso = Vtotal-Vmicro 

 

Table 3. Summary catalyst acidity

 
 

Table 4. Summary catalyst acidity. 

 
aThe quantity of the weak and strong acid sites were determined by Py-IR; the strong acid sites were obtained from Py-

IR spectra at 350°C, and the weak acid sites were calculated by subtracting the acid quantity at 350°C from the acid 

quantity at 150°C. 
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